In this work we use the latest observations on BAO, SNIa and H(z) to constrain three models showing an explicit interaction between dark matter and dark energy. We find that using all three observational probes together, two of the interaction models show positive evidence at more than 2 σ. Although significant, further study is needed to establish this statement firmly.
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I. INTRODUCTION
One of the most important problems of theoretical physics is to explain the fact that the universe is in a phase of accelerated expansion. Since 1998 [1] , [2] , the physical origin of cosmic acceleration remains a deep mystery. According to general relativity (GR), if the universe is filled with ordinary matter or radiation, the two known constituents of the universe, gravity should slow the expansion. Since the expansion is speeding up, we are faced with two possibilities, either of which would have profound implications for our understanding of the cosmos and of the laws of physics. The first is that 75% of the energy density of the universe exists in a new form with large negative pressure, called dark energy (DE) [3] , [4] , [5] . The other possibility is that GR breaks down on cosmological scales and must be replaced with a more complete theory of gravity [6] . In this paper we consider the first option. The cosmological constant, the simplest explanation of accelerated expansion, has a checkered history [7] , [8] , having been invoked and subsequently withdrawn several times before. In quantum field theory, we estimate the value of the cosmological constant as the zero-point energy with a short-cut scale, for example the Planck scale, which results in an excessively greater value than the observational results.
Although the ΛCDM model has been confirmed as the one that best fits all the observational tests [21] , in recent years the precision of measurements and the increase in the number of them have led to a model extension being seriously considered [10] . Among the different ways in which we can deform the ΛCDM model are:
(i) To propose models where the cosmological constant is dynamic, i.e. it changes with time. This family includes the models of quintessence, for example, and from which comes the name dark energy, which is interpreted as a contribution to the matter content of the universe, th nature of which is unknown.
(ii) Models where the gravitational theory is modified, i.e., it is expected to account for the effect of the cosmological constant.
(iii) Models where one of the fundamental principles of cosmology is relaxed, which is the homogeneity, openly violating the Copernican principle.
One of the type (i) models that has received much attention in recent years is the model of interaction between dark matter (DM) and DE [11] , [12] , [13] , [14] . Since we do not know the nature of DM (non-baryonic) and DE, it is not unreasonable to assume that the two may be related. An exploratory form in which this occurs is by assuming that there is a transfer of energy from DE to DM. In this context, a direct interaction between these dark contributions appears as an observational viable option [15] .
The interaction is usually modeled phenomenologically by modifying the conservation equations through a Q function,ρ
where ρ d is the DE density, ρ c the DM component, in such a way that only the sum of the contributions is conserved, but not each one separately. If Q < 0 there is an energy transfer from DM to DE, and the opposite occurs for Q > 0. See the review [16] for more details and references about interaction models.
II. THE MODELS
In this paper we study the restrictions on interaction models imposed by observational data. Here we study three models of interaction. Explicitly, we study the following cases:
where in the last case a prime ′ means a derivative with respect to ln a 3 , with a being the scale factor. Both (i) and (ii) were already studied in [20] . Model (iii) was studied first in [24] for the case ω = −1 and recently in [23] . If γ (or α) is zero, then there is no interaction. Also, if γ < 0 (or α < 0), this indicates that there is transfer of energy from DM to DE. For the first model (i), the Hubble function H(z)/H 0 = E(z) is given by
where Ω r = 2.469 × 10 −5 h −2 (1 + 0.2271N eff ) and N eff = 3.04, and γ is the parameter that makes the interaction manifest. Here Ω m = Ω c + Ω b , where Ω c is the nonbaryonic part and Ω b is the baryonic one.
For the second model (ii), we obtain
Here the free parameters are h, Ω b , Ω c , w and γ. It is clear that for γ = 0 both expressions -those for models (i) and (ii) -reduced to that of the wCDM model. For the third model (iii) assuming a ω constant, we obtain for ρ = ρ c + ρ d the solution
where
then, the Hubble function can be written as
As it is easy to check, turning off the interaction α = 0, we get from (5) that β + = −1 and β − = −(1 + w). Replacing in (7), we get F + = −Ω x and F − = Ω c and (6) reduces to that of the wCDM model.
III. THE DATA
In this work, we test the models described in the previous section using 3 types of data: measurements from H(z), from type Ia supernova (SNIa), and baryonic acoustic oscillations (BAO).
Measurements of the Hubble function, H(z) are taken from several works. They consist of 25 data points covering a redshift range between z = 0.07 and z = 1.965. We have considered four points from [25] , eleven points from [26] , eight points from [27] and two points from [28] . We have only used H(z) measurements obtained using the differential age method [29] , excluding those obtained from clustering of galaxies or quasars, because we are also using data from BAO.
The data from SNIa are from the Joint Light-curve Analysis (JLA) [17] , where the function to be minimized is
Here C corresponds to the covariance matrix delivered in [17] , and the modular distance is assumed to take the shape
where m is the maximum apparent magnitude in band B, X is related to the widening of the light curves, and Y corrects the color. In general, cosmology is restricted along with the parameters M , X and Y . The authors of [17] also released the compressed version of JLA where only M is a free parameter.
In addition, we used data from BAO compiled in [30] . This set consists of a sample that combines BAO observations from the 6dF survey [19] at redshift z = 0.106, with distance measurements from the Sloan Digital Sky Survey (SDSS) data release 7 (DR7), BAO [18] at redshift z = 0.15, and with data from the Baryon Oscillation Spectroscopic Survey (BOSS) at redshifts z = 0.32, z = 0.57 and z = 2.34. From the observations it is possible to measure the BAO scale in the radial and tangential directions, proving measurements of the Hubble parameter H(z) and the angular diameter distance D A (z) simultaneously.
At low redshift it is not possible to disentangle the BAO scale in the transverse and line-of-sight directions. The BAO observations give the observed ratios of
for the transverse direction, where r s is the co-moving sound horizon which is independent of z, and according to Planck it takes the value r s = 1059.68 [9] , and the ratio
for the line-of-sight direction. Both in (10) and (11) P = c/(r s H 0 ), which takes the value 30.0 ± 0.4 for the best ΛCDM Planck fit. This parameter was used in [30] to perform an unanchored BAO analysis, which does not use a value for r s obtained from a cosmological constant, also performed in [31] . At low redshift, the surveys give the value for the ratio D V (z)/r s , where
which is an angle-weighted average of D A and D H . From [30] the data considered are: at low redshift, at 
For more details of the work with the data see [22] .
IV. RESULTS
As we mentioned before, at low redshift it is not possible to disentangle the BAO scale in the transverse and line-of-sight directions, and therefore the surveys report only the average D V , usually calibrated using CMB data. At the same time, these low redshift measurements have been consistently in agreement with the ΛCDM model. However, high redshift BAO detection seems to be at variance with the ΛCDM model from nearly 2.5σ to 3σ. Here, we want to study these effects on three models that present interaction between DE and DM, using not only that for intermediate redshift as z = 0.57, but also the high redshift ones at z = 2.34 and z = 2.36.
A. Model (i)
In Figure 1 , the 1σ and 2σ confidence boundaries for the Ω m (or Ω c ) and γ parameters of the model (i) are shown, using H(z) + SNIa measurements (upper panel) and H(z) + BAO (lower panel). According to the Figure, the constraints imposed by the data are consistent with γ = 0 in the first case -H(z)+SNIa -indicating that there is no preference for an interacting model. However, in the second case, H(z)+BAO, the parameters become more constrained and indicate a preference for γ > 0.1 even at 3σ (although not displayed). The best fit values are shown in Table I . Table 1 .
Comparing both panels we note clearly the effects of incorporating the BAO data and its trend. To conclude with model (i), we also show the result of the best fit using all the data sets. The 1, 2 and 3 sigma confidence boundaries are shown in Figure 2 . Here the effect of incorporating SNIa data -with respect to the lower panel of Fig. 1 -is evident. The confidence boundaries move along the degeneracy direction, making the best fit for Ω c decrease, and the best fit for γ is now close to zeroindicating that there is no energy transfer between dark energy and dark matter already to 1 sigma.
B. Model (ii)
Next, we show the confidence boundaries for model (ii), using only H(z) + SNIa data in Figure 3 . As we can see, the best fit for this case looks quite similar to that shown in the upper panel of Figure 1 , where again γ = 0 is consistent with the data already at 1 sigma and Ω m is centered around Ω m ≃ 0.3.
FIG. 3:
We display confidence boundaries for 1σ and 2σ for the model (ii) in the Ωm and γ parameters using only the data from H(z) + SNIa.
Comparing between Tables I and II, using H(z) + SNIa (first row), we note that the best fit values of the parameters are essentially the same. The only difference between these two cases is the number of free parameters. In the case of model (i), as can be seen in Eq.(2), for H(z) measurements and SNIa data, we only need the expression for E(z). In the case of (i), this is accomplished by considering Ω m , h, w and γ as free parameters. However, from Eq. (3) there is an explicit term for Ω b . Performing a fit directly with only 4 free parameters leads to an almost unconstrained value for Ω b . For this reason we supplement information with a Gaussian prior of Ω b h 2 = 0.02226 ± 0.00069 based on [21] , weakened by tripling the value of the nominal uncertainty. This is the reason for the increase in the number of free parameters for model (ii).
By plotting the contours for model (ii) using H(z) + BAO we obtain the parameters in this model are consistent with a nonzero interaction. As shown in Table II , by comparing the same case with model (i), the best fit for H 0 is similar, Ω m takes a value smaller than the usual one for the ΛCDM model, ω is less negative and γ, although close to zero, is far (more than 2 σ) from the null result γ = 0. Note that both have a similar χ 2 red . Considering the BAO data, we get clear evidence for interaction using model (ii), as was also the case using model (i).
To end with model (ii), we display in Fig.(5) the Ω m and γ parameter space contours using all the data.
We again observe a non-zero γ, although a small value, together with a set of best fit parameters rather similar to that of ΛCDM (see third row in Table II) . Then, the use of all the data seems to indicate evidence for interaction using model (ii), in contrast to what was found using all the data using model (i) (see Fig.(2) ).
Although this study does not incorporate dynamical constraints, such as those from perturbations, our results seem to indicate a chance to find evidence for a non-zero interaction term in the recent cosmological evolution.
FIG. 5:
We display confidence boundaries for 1σ and 2σ for model (ii) in the Ωm and γ parameters using H(z)+SNIa+BAO.
C. Model (iii)
Let us study now the third interaction model. Using measurements of H(z) + SNIa we get the result shown in Fig. (6) . In agreement with the previous two models, the best fit using only H(z) + SNIa data implies a zero interaction, with large uncertainties. The best fit values are displayed in Table III . Using data from H(z) and BAO we obtain the results displayed in Fig. (7) . Again, adding the BAO measurements implies the best fit points to a non-zero interaction term, as was also the case in the previous two models. Using data from H(z) + SNIa + BAO we obtain the results displayed in Fig.  (8) . With respect to the H(z) + BAO result in Fig. (7) , the addition of the SNIa data causes the best fit for Ω c to increase, and the best fit value for α to decrease; however, although α has a lower value, it is clearly pointing to a non-zero interaction as model (ii) with the same data.
FIG. 8:
We display confidence boundaries for 1σ and 2σ for the Q3 model in the Ωc and α parameters using H(z)+SNIa+BAO.
V. DISCUSSION
We reported the results of analyzing three interaction models between DE and DM, using three observational probes: type Ia supernova, H(z) measurements and BAO data. Using the combination of data, H(z) + SNIa, the three models show no evidence for the existence of interaction already to 1σ (see Figures (1), (3) and (6)). Although the H(z) measurements still have greater uncertainties to be effective in restricting models, it is the use of SNIa data, which ultimately favors a ΛCDM-type model. This conclusion is reinforced by looking at the results when the data from H(z) is added to the BAO points. As we can see in Figures (1) , (4) and (7), and the best fit values in Tables I, II and III, once we use H(z) + BAO in each of the three models, we note an appreciable indication for interaction. Using the three observational probes we obtain for model (i) no evidence for interaction (see Fig.(2) ) in agreement with [20] , but for model (ii) we obtain a clear indication for a non-zero interaction (see Fig.(5) ) in conflict with [20] . Looking at Fig.(8) for model (iii), we find evidence for a non-zero interaction between DM and DE again.
In this last analysis, for models (ii) and (iii), the values found for the interaction parameter indicate the interaction is non-zero but small. It is interesting to note here that the difference between the BAO data used in [20] differ from ours, mainly for including the data at high redshift. To clarify the effect of including these data and improving our findings, we believe new observational tests must be added to be more conclusive in this respect.
